After 6-h low-intensity swimming exercise (LIE), peroxisome proliferator-activated receptor g coactivator -1a (PGC-1a) in whole and nuclear fractions in rat skeletal muscle was higher than the control rats' muscles up to 18 h after LIE. However, no study has reported change in PGC-1a content after that. Therefore, we measured PGC-1a in whole and nuclear fractions in rat skeletal muscle up to 24 h after LIE. Furthermore, we evaluated change in the mRNA of daminolevulinate synthase (ALAS), a mitochondrial protein, to clarify in which fraction of PGC-1a has a physiological role as a transcriptional coactivator for enhancing the mitochondrial oxidative enzymes after exercise. We measured PGC-1a protein content in whole and nuclear fractions in the epitrochlearis (EPI) muscle of male Sprague-Dawley rats (age: 6 w; body weight: 180-200 g) after LIE by Western-blot analysis. The ALAS mRNA content was quantified by RT-PCR. The PGC-1a contents in whole fractions in the rat EPI muscle were 73% and 75% higher than that of the control rats' muscle, 18 h and 24 h after LIE, respectively. The PGC-1a content in nuclear fractions in the muscle and ALAS mRNA was higher than that of the control rats' muscle by 58% and 25%, respectively, while they returned to the control level 24 h after LIE. The present investigation demonstrated that the time-course of PGC-1a content in nuclear fractions in the EPI muscle was the same as the ALAS mRNA, suggesting that PGC-1a in the nucleus may have a physiological function as a transcriptional coactivator for enhancing mitochondrial protein expression after exercise.
Introduction
Physical activity elicits physiological responses in skeletal muscle that result in a number of benefits, in particular the prevention of life-style related diseases such as type 2 diabetes. Improved understanding of the molecular mechanisms of skeletal muscle adaptation will help guide the proper use of regular exercise and physical activity in daily life, resulting in a reduced incidence of life-style related disease in modern society.
Peroxisome proliferator-activated receptor g coactivator-1a (PGC-1a), a transcriptional factor, was first suggested to be induced by cold exposure (Puigserver et al., 1998; Wu et al., 1999) , and was later shown to be involved in mitochondrial biogenesis in skeletal muscle after physical exercise training (Lin et al., 2002) . In response to a single bout of exercise, the mRNA and protein of PGC-1a increases in mice, rats, and human skeletal muscle (Akimoto et al., 2005; Terada et al., 2002; Terada et al., 2005; Pilegaard et al., 2003) . Previously, Terada and Tabata (2004) demonstrated that immediately after 6-h low-intensity prolonged swimming and running exercise, PGC-1a protein in nuclear fractions in rat skeletal muscle exclusively recruited by the exercise was doubled, and remained higher than the control rats' muscles up to 18 h after low-intensity prolonged exercise, suggesting that, mRNA transcription of specific mitochondrial protein was activated by PGC-1a until one day after the start of the exercise. In considering exercise training protocol, it is important to know how long the effects of the previous bouts of exercise last. Therefore, we measured skeletal muscle PGC-1a in nuclear fractions up to 24 h after low-intensity prolonged swimming exercise. Further, recently, Wright et al. (2007) and Little et al. (2010) reported that changes in PGC-1a content in nuclear and whole fractions may differ after a single bout of exercise in rat and human skeletal muscle. These studies showed that acute endurance exercise caused a shift in the subcellular localization of PGC-1a from the cytosol to the nucleus, allowing PGC-1a to coactivate transcription factors and increase mitochondrial gene expression in rat and human skeletal muscle (Wright et al., 2007; Little et al., 2010) . Therefore, in addition to the nuclear fraction content of PGC-1a, we measured the content of the protein in the whole fraction.
The content of d-aminolevulinate synthase (ALAS), a mitochondrial protein that provides heme for cytochromes in the respiratory chain, is known to be regulated by PGC-1a at the transcription level (Handschin et al., 2005) . Wright et al. (2007) reported that the mRNA of this protein was increased immediately after a 6-h bout of low-intensity prolonged swimming exercise. Since we are interested in the extent to which the increased expression of PGC-1a after a single bout of exercise has a physiological role as a transcriptional activator, the time course in change in the mRNA of ALAS was evaluated after low-intensity exercise.
Materials and Methods

Materials
All chemicals were purchased from Sigma Chemical (St. Louis, MO, USA) and Wako Pure Chemical Industries Ltd. (Osaka, Japan).
Treatment of animals
All rats used for the present investigation were purchased from CLEA Japan (Tokyo, Japan). The animals were housed in rooms lighted from 7 a.m. to 7 p.m. and were maintained on an ad libitum diet of standard chow and water. Room temperature was maintained at 20-22°C. Prior to the swimming exercise experiment, all rats were acclimated to swimming exercise for 10 min day Ϫ1 for 2 days as described by Ren et al. (1994) . All animal experiments were conducted with the approval of the National Institute of Health and Nutrition Ethics Committee on Animal Research (No. 0806).
Low-intensity prolonged swimming exercise (LIE)
Food intake for all rats was restricted to 8 g from 7:00 p.m. on the day before the exercise. Six-week-old male Sprague-Dawley rats with a body weight of 180-200 g were randomly assigned to two exercise groups and a control group. In total, 106 rats were used in the present investigation (the number of rats assigned to specific groups is described in the tables and figures). During the exercise, rats swam without a load for 6 h in two 3 h sessions separated by a 45 min period of rest (Terada et al., 2002) . Seven rats swam simultaneously in a barrel filled to a depth of 50 cm and with an average surface area of 217 cm 2 per rat. The water temperature was maintained at 35Ϯ1°C during the swimming exercise. Eighteen and 24 h after the exercise, the rats were anesthetized with an intraperitoneal injection of pentobarbital (5 mg 100 g Ϫ1 body weight), and the EPI muscle was dissected out. Age-matched sedentary control rats were kept in cages until they were killed.
Preparation of samples for measuring of PGC-1a protein content in nuclear fraction
Immediately after dissection of the muscle, fresh EPI muscles were homogenized in 10 volumes of Pierce cytosolic extraction reagent supplemented with 1 mM NaF, 0.1 mM bisperoxovanadium,1,10-phenanthrolene, 0.1 mM sodium orthovanadate (Na 3 VO 4 ), 2 ml ml Ϫ1 Protease Inhibitor Cocktail (Sigma, St. Louis, MO, USA). Nuclear fractions were isolated according to the manufacturer's specification using a Nuclear and Cytoplasmic Extraction Reagents Kit (Pierce, Rockford, IL, USA).
Preparation of samples for measuring PGC-1a protein content in whole muscle and quantification of PGC-1a protein
Immediately after dissection of EPI muscles, the muscles were clamp-frozen by tongue cooled by liquid nitrogen and stored in a deep-freezer (Ϫ80°C) until analysis. EPI muscles were homogenized in 29 volumes of ice-cold 50 mM Tris-HCl (pH 7.4), 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM each EDTA, NaF, sodium orthovanadate (Na 3 VO 4 ), 2 ml ml Ϫ1 Protease Inhibitor Cocktail (Sigma, St. Louis, MO, USA). The homogenates were frozen and thawed three times and centrifuged for 15 min at 700ϫg at 4°C. Protein concentration was determined by the method of bicinchoninic acid (BCA) (Smith et al., 1985) . Aliquots of homogenate were solubilized in Laemmli sample buffer (Laemmli, 1970) , subjected to SDS-PAGE, and electrophoretically transferred to a polyvinylidene difluoride (PVDF) sheet. The sheet was incubated with primary PGC-1a antibody (Calbiochemi, San Diego, CA, USA) that recognizes the COOH-terminal (777-797) amino acid of the PGC-1a protein diluted 1 : 3300 in 5% skimmed milk overnight at 4°C. After overnight incubation, the sheet was incubated for 1 h at room temperature with anti-rabbit IgG conjugated to horseradish peroxidase (Jackson ImmunoResearch, West Grove, PA, USA). Immunoreactive bands were detected by ECL plus (GE Healthcare UK Ltd., England).
Measurement of PGC-1a protein content in nuclear fractions
Nuclear fractions of EPI muscle were prepared and their protein content determined by the method of bicinchoninic acid (BCA) (Smith et al., 1985) . PGC-1a protein content in nuclear fractions was measured by Western analysis as described above. Since the yield of nuclei from muscles was different, as reflected in equal amounts of the nuclear protein histone H2B in the nuclear extracts, the nuclear protein histone H2B content was measured by Western analysis using the antihistone H2B (Imgenex, San Diego, CA, USA). The ratio of PGC-1a protein content of nuclear fraction to histone H2B band density was then calculated as a measure for PGC-1a content in nuclear fractions.
Measurement of d-aminolevulinate synthase (ALAS) mRNA
Total RNA from epitrochlearis muscle was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Because the RNA extraction procedure required a large amount of tissue, two epitrochlearis muscles were homogenized together. The DNase-treated total RNA (1 mg) was reverse transcribed (RT) into cDNA by using random primers and ImProm-2 Reverse Transcriptase (Promega, Madison, WI, USA). Aliquots of each RT reaction were added to a PCR master mix (Promega) containing Taq DNA polymerase, dNTPs, MgCl 2 , reaction buffers at optimal concentrations for efficient amplification of DNA templates by PCR, and 10 pmol of both sense and antisense primers (forward 5Ј-TGACTACACGGACTCCCTC-ATCAC-3Ј, reverse 5Ј-GGTTGACATCATTGTGGCGG-3Ј). The reaction medium was subjected to PCR amplification. After the lid was warmed at 94°C for 2 min, the PCR mixtures were subjected to a 40-cycle profile, including denaturation for 60 s at 94°C, hybridization for 60 s at 58°C, and elongation for 60 s at 72°C. In the present investigation, 18S rRNA expression was simultaneously measured as an internal standard by using a QuantumRNA 18S Internal Standard Kit (Ambion, Austin, TX, USA). The PCR products were separated by electrophoresis on 2% agarose, stained with SYBR Green (Molecular Probes, Eugene, OR, USA), photographed, and analyzed by densitometry (LAS3000, Fujifilm, Tokyo, Japan). The ratio of ALAS to 18S rRNA standard band densities was then calculated.
Statistical analysis
All values were expressed as means ϮSD. All data were expressed as fold expression relative to the mean values observed in each control group. Statistical comparisons of the values between exercised and control rats were made by a twotailed t-test. Statistical significance was defined as pϽ0.05.
Results
PGC-1a protein content in whole muscle in rat EPI muscle
Eighteen hours after the exercise, the PGC-1a protein content in rat EPI muscle was 73% higher than that of the control rats' muscle (pϽ0.05, Fig. 1 ).
Twenty-four hours after the exercise, the PGC-1a protein content in the muscle remained higher than that of the control rats' muscle by 75% (pϽ0.05, Fig. 1 ).
PGC-1a protein content in nuclear fractions in rat EPI muscle
Eighteen hours after the exercise, the PGC-1a protein content in nuclear fractions in rat EPI muscle was 58% higher than that of the control rats' muscle (pϽ0.05, Table 1 ).
Twenty-four hours after the exercise, the PGC-1a protein content in nuclear fractions in rat EPI muscle returned to the level observed in the control rats' muscle (Table 1) .
ALAS mRNA content in rat EPI muscle
Eighteen hours after the exercise, the ALAS mRNA content in the rat EPI muscle was higher than that of the control rats' muscle by 25% (pϽ0.05, Table 2 ).
Twenty-hours after the exercise, the ALAS mRNA content in the muscle returned to the level observed in the control rats' muscle (Table 2) . 
Discussion
The present investigation demonstrated that 1) Eighteen h after the acute bouts of 6-h low-intensity prolonged exercise, PGC-1a protein contents in both whole and nuclear fractions in the rat EPI muscle were higher than that in control rats' muscle, 2) Twenty-four h after the same exercise, PGC-1a content in nuclear fractions in the same muscle returned to the level observed in the control rats' muscle, while PGC-1a content in whole fractions in the muscle still remained higher than that of the control rats' muscle, 3) Eighteen h after the exercise, the mRNA of ALAS in the rat EPI muscle was higher than that of control rats' muscle, while the effects of the prolonged exercise on ALAS mRNA wore off 24 h after the exercise.
Previously, Terada and Tabata (2004) demonstrated that, following 6-h low-intensity prolonged swimming and running exercise, PGC-1a proteins in nuclear fractions in rat skeletal muscle were higher than in the control rats' muscle up to 18 h after the exercise. Elevated PGC-1a concentration in the nucleus is supposed to enhance transcriptional activity. Therefore, for the purpose of planning effective training on oxidative enzyme expression in muscle, it is important to know how long elevated expression of PGC-1a and/or elevated condensed localization of the protein in nucleus continue after the exercise training. Consistent with the previous study, we observed that 18 h after 6-h low-intensity prolonged exercise, PGC-1a protein content in nuclear fractions in the EPI muscle was higher than that in control rats' muscle, while, 24 h after the exercise, PGC-1a protein in nuclear fractions in the same muscle returned to the control level observed in the control rats' muscle.
Therefore, the results obtained in the present investigation suggest that activation of mitochondrial protein expression through increased transcription by PGC-1a continues until one day after the start of 6-h low-intensity prolonged exercise. Wright et al. (2007) demonstrated that after 6-h lowintensity prolonged swimming exercise, PGC-1a proteins in rat EPI skeletal muscles as a whole fraction was higher than the control rats' muscle up to 18 h after the exercise. Consistent with this study, we observed that 18 h after 6-h lowintensity prolonged exercise, PGC-1a protein content in rat EPI was higher than that in the control rats' muscle. Further, we found, for the first time, that even 24 h after the exercise, PGC-1a protein content in the EPI muscle remains higher than that in the control rats' muscle. This result suggests, at least, that skeletal muscle PGC-1a content can be assumed to be maintained at a high level all the time if the rats train once every day using the exercise adopted in the present investigation. However, it is not clear from our results when the PGC-1a protein content in the EPI muscle returns to the control level. Therefore, further study is needed.
As a transcriptional coactivator, theoretically, PGC-1a is thought to act on genes in the nucleus (Olessen et al., 2010) . Therefore, PGC-1a in the nucleus, not in the whole cell, is likely to have physiological functions. Furthermore, it was recently found that, through the activation of p38 MAPK and AMPK, acute endurance exercise moves PGC-1a from the cytosol to the nucleus (Wright et al., 2007; Little et al., 2010) . Therefore, as a parameter of the physiological function of PGC-1a, we measured the mRNA of ALAS, a mitochondrial oxidative enzyme, whose expression is suggested to be regulated by PGC-1a (Handschin et al., 2005) through nuclear respiratory factor-1(NRF-1) (Virbasius and Scarpulla, 1994; Wu et al., 1999) . Consequently, we found that ALAS mRNA content was higher than that in the control rats' muscle at 18 h after the 6-h low-intensity prolonged swimming exercise, while 24 h after the exercise, ALAS mRNA in the same muscle returned to the level observed in the control rats' muscle. As shown in these previous studies, this result demonstrated that PGC-1a protein content not in whole muscle but in nuclear fractions in rat EPI muscle after low-intensity prolonged swimming exercise has a physiological significance for exercise training-induced increase in skeletal muscle mitochondrial oxidative enzyme. Wright et al. (2007) also reported that the mRNA of ALAS in rat triceps muscle was increased immediately after 6-h low-intensity prolonged swimming exercise. Furthermore, elevation of ALAS protein content in the rat EPI muscle was observed 18 h after the exercise. In contrast with these findings, Leick et al. (2010) reported that the mRNA of ALAS increased at 10 h of recovery from a 90-min bout of exercise at 70% of VO 2max relative to before exercise, while the effects of the exercise wore off at 18 h and 24 h recovery time points from the exercise until control levels. The reasons for the disparate results between our study and this previous study might be related to differences in the species (human vs. rat), mode (cycling vs. swimming), duration (90 min vs. 6 h) and/or intensity of exercise (70% maximum oxygen uptake for the human vs. ϳ50% maximum oxygen uptake for the rat) between the two studies. The mRNA level measured in the present investigation might have remained higher than that of the previous study because, in terms of stimulating effects, the protocol of the present investigation was known as the strongest exercise-related stimuli on rat GLUT-4 expression (Holst et al., 1998) , which has been suggested to be induced by PGC-1a (Michael et al., 2001) .
In conclusion, the present investigation demonstrated that PGC-1a protein content in whole and nuclear fractions in the EPI muscle was higher than in the control rats' muscle 18 h after low-intensity prolonged swimming exercise, while PGC-1a content in whole fractions remained higher than that in the control rats' muscles up to 24 h after the exercise and the nuclear fraction content of the same protein returned to the control level. Since the mRNA content of ALAS, a mitochondrial protein, returned to the control level 24 h after the exercise, it seems likely that PGC-1a in the nucleus has a physiological function as a transcriptional co-activator for enhancing mitochondrial protein expression after the specific exercise. These findings demonstrated that PGC-1a content in the nuclear fraction is maintained at a level higher than the control level for at least 24 h after specific exercise, thus maintaining physiological stimuli that are related to a number of beneficial effects of physical activity and exercise on lifestyle related diseases such as type 2 diabetes.
